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論文の要旨  
Summary (Abstract) of doctoral thesis contents 
 
We study clumpy outflows from supercritical accretion flow around a stellar mass 
black hole by means of global three-dimensional (3-D) radiation-hydrodynamic 
(RHD) simulations. We for the first time solve a full set of the radiation 
hydrodynamics equations in the 3-D geometry. We consider the electron scattering 
opacity, and the Rosseland mean free-free absorption opacity, for solar metallicity. 
The radiation fields are evaluated by adopting the M1-closure method so that the 
conservation of the total energy and the total momentum of radiation and fluid are 
guaranteed. To save the computational time, we only solve the outflow part, 
postulating the presence of an underlying quasi-steady disk of which the mass 
accretion rate onto the black hole is 102 LEdd/c2, where LEdd is the Eddington 
luminosity and c is the speed of light. Numerically, we start calculation from the 
axisymmetric 2-D simulation data but with small perturbations in the azimuthal 
direction and we keep the same values for the physical quantities at any times later on 
as their initial values at the bottom and inner boundaries of the computational domain. 
Here we note that the perturbation with small wavelength is not so important for the 
ultimate structure of the clumpy outflow.  In a few seconds after the start of the 
simulation we find that the radiatively driven outflow with the outflow rate of ~10 
LEdd/c2 fragments into many clumps above the photosphere located at a few hundreds 
of Schwarzschild radius (rS) from the central black hole. Such clumps have a shape of 
a torn sheet, and are rotating around the central black hole with a sub-Keplerian 
velocity. We understand that the material is blown away, keeping its angular 
momentum, since the radiation force in the θ-direction is too small to change the 
angular momentum. It is important to note that significant sub-Keplerian rotation 
means slow rotation speed, which in turns lead to long variation timescales caused by 
obscuration of central light by moving clumps. To examine the statistical properties of 
clump, it is useful to calculate auto-correlation function of the density. The typical 
clump size is 30 rS or less in the radial direction and is more elongated in the angular 
directions, ~ hundreds of rS at most.  When discussing the formation mechanism of 
clumpy outflow, it is instructive to refer to the discussion in the 2-D RHD simulations 
who summarize the following key features: (i) the clumpy structure appears in the 
upwardly accelerating layer by radiation force (ii) the optical depth of clump size is 
around unity (iii) a clear anti-correlation is found between the gas density and the 
absolute value of radiation force (iv) the cloud temperature varies in a complex 
fashion. Our 3-D simulation confirms most these features [except item (iv)]. For 
example, item (i) is obvious from the model setting. We also confirm item (ii) within 
numerical resolution. That is, form the typical (radial) clump size of ~30 rS ~108 cm 
and the typical density ~10-7 g cm-3, we find the scattering optical depth to be a few. 
It is very important to note that this value does not depend on the black hole mass so 
that we will be able to discuss for the outflow from supermassive black holes. This is 
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natural consequence of the following scaling relations. One thing that we did not 
confirm is item (iv) above, due probably to limited numerical resolution. We thus 
tentatively conclude that the radiation Rayleigh-Taylor instability coupled with some 
radiation hydrodynamic instability could be a key cause of the clump formation. 
Another interesting issue is concerning the origin of the torn-sheet clump structure. 
We conjecture that the asymmetry in the 3-D structure could be understood in terms of 
the anisotropic radiation field in the sense that radiation flux is super-Eddington only 
in the radial direction. This results in a torn-sheet structure. Further extensive study is 
needed to confirm if this conjecture can be justified.  
When such clumps pass across the line of the sight of a distant observer, stochastic 
luminosity variations will be produced. The variation timescales are several seconds 
for a stellar-mass black hole with mass of ten to several tens of the solar mass and are 
in rough agreement with the observational results of some ultraluminous X-ray 
sources (ULXs). Our results thus provide a strong support of a hypothesis that the 
ULXs are powered by the supercritical accretion onto the stellar mass black hole. In 
addition, we suggest that our clumpy outflow model may explain some observational 
features of the ultra-fast outflows and the origin of broad line-emitting clouds in 
active galactic nuclei. 
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博士論文審査結果の要旨  
Summary of the results of the doctoral thesis screening 
 
ブラックホール周辺のガスは光り輝く降着円盤を形成する。降着円盤は、質量降着率に
よって超臨界降着流  (光度 [L：エディントン光度 ] > 1、降着率  > 10)、標準円盤  (L = 0.01-1, 










程度、クランプサイズは~10rS (rS: シュバルツシルト半径 ) 程度という制限がつけられて
いた。しかしながら、光学的に厚いクランプが観測者の視線を横切るタイムスケールは








のタイムスケールは 25s 程度となり、ULX の時間変動を説明できることが示された。  
 この計算結果は他の天体現象への応用が期待される。UFO (Ultra-Fast Outflow) は青
方偏移した吸収線が検出され、光速の数 10%もの速度で噴出する高階電離状態のアウトフ
ローを持つことが示唆されている AGN であるが、そのアウトフロー速度や電離パラメー
タは本計算結果と一致する。同様に、AGN のもつ BLR (Broad Line Region) のフィリン
グファクターは本計算結果と一致することから、BLR のガス雲の起源も自然に説明できる
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とに多くの労力と時間を費やした。数値計算の遂行から、結果のとりまとめ、議論など、
論文作成の一連の過程において、出願者が主体的に行っていることが認められ、その内容
は超臨界降着流の理解に大きく貢献するものである。したがって、審査委員全員が博士論
文として合格であると判断した。  
